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Introduction
Access to hearing in one ear only can create difficulties with listening in most everyday environments (Dwyer et al., 2015) . This absence of auditory input leads to difficulties with understanding speech when the talker of interest is on the impaired side and also in determining the location of sounds. The cumulative effects of the impairments to hearing functions and the associated impact on everyday life can lead to strong negative feelings including embarrassment and helplessness (Giolas & Wark, 1967) .
Emerging evidence from early-phase studies suggests that cochlear implantation may be an effective way to improve listening skills impaired by unilateral deafness (Blasco & Redleaf, 2014; van Zon et al., 2015) and to alleviate the associated burden .
However, the evidence for implantation in unilaterally-deaf patients is limited to a few observational studies and it is as yet unclear what factors may determine whether a patient is likely to receive benefit or not. A meta-analysis which pools the small samples of unilaterally-deaf patients that have been assessed in existing studies could provide sufficient statistical power to identify potential factors that could subsequently be evaluated prospectively in future studies.
The current study re-examined the existing published evidence for the capacity of cochlear implantation to improve speech perception in noise in order to identify whether factors known to predict outcomes following implantation in the profoundly deaf may also be relevant when determining candidacy in the unilaterally deafened. It was hypothesised that when the spatial configuration of speech in noise creates a more favourable signal-to-noise ratio (SNR) at the severe-to-profoundly deaf ear, the performance of unilaterally-implanted listeners would depend on the duration of deafness prior to implantation as auditory deprivation reduces the receptivity of an implanted ear to electrical stimulation (Tyler & Summerfield, 1996) . Conversely, when the SNR is made more favourable at the better ear then performance would be expected vary as a function of the level of residual hearing in that ear, as indexed by its pure-tone average threshold.
Methods

Study selection
Studies were identified from existing systematic reviews that assessed the evidence for cochlear implantation in adults with unilateral deafness or highly-asymmetric hearing loss (Blasco & Redleaf, 2014; Kitterick et al., 2015; van Zon et al, 2015) . These reviews were identified through title and abstract searches of the Medline, EMBASE, PubMed, and Cochrane Library databases. The search strategy was: (unilateral OR asymmetric OR singlesided) AND (deafness OR hearing loss) AND systematic review. To be included in the current re-analysis, studies identified through the systematic reviews had to report patientlevel data for adult patients on duration of deafness in the severe-to-profoundly deaf ear, pure-tone average audiometric thresholds in the better ear (averaged across 0.5, 1, 2 and 4 kHz), and outcomes on measures of speech perception in noise (see following section).
Extraction of outcome data
Previous studies have assessed the perception of sentences in noise in three categories of listening condition defined by the relative difference between the signal-to-noise ratio (SNR) at the impaired/implanted ear (IE) and the non-implanted ear (NE): (1) when the SNR at the two ears are similar (IE=NE); (2) when the SNR is more favourable at the impaired ear (IE>NE); and (3) when the SNR is more favourable at the non-implanted ear (IE<NE). Data on these three listening conditions were extracted independently by the two authors and disagreements were resolved by consensus.
Statistical analysis
Although outcome data was extracted for a common set of listening conditions, the methodology used to measure performance differed across studies; e.g. as the proportion of key words reported correctly or as a speech reception threshold. The approach of rendering different measures of the same outcome comparable by expressing the pre-post change as an effect size was not possible as studies did not report estimates of variability at the individual level. Instead, each patient's outcome in each listening condition was coded as a binary variable whose value was set to 1 if the patient's score improved numerically following implantation and 0 if it did not.
The resulting binary variable for each of the three listening conditions was subjected to logistic regression. Any heterogeneity in the inclusion criteria and methodologies used in the selected studies would likely result in patients being more similar within than across studies.
A Generalised Estimating Equations approach to regression accounted for this clustering of patients within studies. The model predicted the probability of an improvement in speech perception scores following implantation based on the duration of deafness of the severe-toprofoundly deaf ear and the four-frequency pure-tone average of the better (non-implanted) ear. Table 1 lists the characteristics of 34 adults for whom relevant data could be extracted from four published reports. The mean duration of deafness in the severe-to-profoundly deaf ear was 7 years but varied considerably across the patients (range 0.3-40 years). A small number of patients experienced extended periods (>20 years) of auditory deprivation prior to implantation. The mean pure-tone average threshold in the better ear was 16.3 dB HL and all patients had four-frequency average thresholds within the normal-to-mild range (3-39 dB HL). Table 1 
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The results of the logistic regression model are listed in Table 2 . The analysis indicated that those with a shorter duration of deafness in the severe-to-profoundly deaf ear prior to implantation were more likely to improve in the listening condition that created the leastfavourable SNR at the implanted ear (IE<NE), with the odds decreasing by 0.03 (95% confidence interval 0.01 to 0.06) with each additional year of auditory deprivation.
Conversely, those with lower pure-tone average thresholds in the better ear were more likely to improve in the listening condition that created the least-favourable SNR at that ear (IE>NE); each additional 1-dB degradation in hearing level reduced the odds by 0.14 (95% confidence interval 0.04 to 0.25). No effect of either factor was observed when the spatial configuration of speech and noise resulted in similar SNRs at the two ears.
-----------------------------Table 2 about here ------------------------------
Discussion
The most consistent benefit to speech perception following implantation in the unilaterally deaf arises when the SNR is more favourable at the implanted ear; e.g. when speech is directed towards the implanted ear and noise towards the non-implanted ear (Blasco & Redleaf, 2014; van Zon et al., 2015) . In this listening situation, use of the implant allows the patient to access a copy of the speech signal that is less degraded than that which is accessible using their better ear alone. It is therefore surprising that the influence of duration of deafness in the severe-to-profoundly deaf ear was evident in the condition that created the leastfavourable SNR at the implanted ear (IE<NE). This finding could suggest that the length of auditory deprivation may affect a patient's capacity to exploit the subtle benefits of binaural squelch rather than to engage in better-ear listening.
It is also possible that the observed effect of duration of deafness was driven by the small number of patients who had been deaf for several decades. To test this idea, the skewed duration of deafness data was treated as a categorical rather than a continuous variable and recoded based on whether a duration was less than or greater than 20 years. The adjusted regression model identified those with longer durations of deafness as being far less likely to show an improvement following implantation (Odds ratio 0.38, 95%CI 0.17 to 0.83). This finding is compatible with an international consensus statement on candidacy for implantation in the unilaterally deaf, which recommended that more caution should be exercised when determining candidacy in patients with extended periods of auditory deprivation (Vincent et al. 2015) .
While the current analysis gained statistical power by pooling data across several small studies with similar inclusion criteria, the results should be interpreted with caution. The underlying studies are early-phase uncontrolled studies and the resulting data may have been influenced by selection and observation bias. However, the current approach demonstrates the potential benefits that can be gained from collecting data using consistent methodologies and the inclusion of patient-level data in study reports. In such a relatively small population, meta-analytic approaches could play an important role in identifying factors important for candidacy.
Conclusion
Evidence from early-phase studies suggests that duration of deafness in the severe-toprofoundly deaf ear and hearing sensitivity in the better ear of unilaterally-deaf patients may be relevant when seeking to identify those candidates who are likely to obtain benefit to speech understanding in noise following cochlear implantation. Table 1 . Individual patient characteristics extracted from four published studies identified from existing systematic reviews. 4FPTA: Four-frequency pure-tone average audiometric threshold. Table 2 
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